, and the dissociated hydrogen (denoted as H* in Fig. 1 ) appearing on the surface of the opposite side of the membrane immediately reacts with oxygen to give HOO⅐ and H 2 O 2 . Then H 2 O 2 is decomposed to HO⅐, atomic oxygen, and water. In the direct hydroxylation (8) (9) (10) (11) (12) of hydrocarbons with oxygen and hydrogen catalyzed by transition metals, it has been considered so far that, at the first step, oxygen and hydrogen react with the catalysis of the metals to give hydrogen peroxide. We also recognized that this membrane reactor can easily produce hydrogen peroxide under the reaction conditions used here without hydrocarbons, and quite recently it was reported (33) that a similar palladium membrane works well in water as a reactor for the direct production of hydrogen peroxide from oxygen and hydrogen. Oxene, one of the active oxygen species produced by the decomposition of hydrogen peroxide, has been known to easily add to carboncarbon double bonds, including conjugated ones such as benzene (7, 34) . This type of addition is 10 3 times faster in rate than the hydrogen abstraction from the methyl group (7, 35) . Thus, it is not unreasonable to consider that oxene is largely responsible for the hydroxylation in this membrane process.
If the HO⅐ radical is the main active species, as has been considered (12) , benzyl alcohol and benzaldehyde should be produced more in the hydroxylation of toluene, as occurs with EuX 3 -TiO(acac) 2 -Pt oxide/ SiO 2 (X ϭ Cl and ClO 4 ) catalysts (15) . However, it is difficult to specify the real active species from the three (HOO⅐, HO⅐, and oxene) at present, although it seems likely that the active oxygen species is derived from HOO⅐ and H 2 O 2 .
It should be emphasized that this membrane system could be practical, because it is simple in structure; produces phenol in a yield of 1.5 kg per kilogram of catalyst per hour; and has a low probability of causing a detonating gas reaction, because oxygen and hydrogen are not simultaneously mixed.
References and Notes
1. For example, at the first step for the production of cumene from benzene and propylene with the traditional supported phosphoric acid catalyst (200°to 250°C, 14 to 21 kg/cm 2 ), the benzene conversion is about 20%, and at the second step for the oxidation of cumene to cumene hydroperoxide with air (80°to 130°C), the conversion is about 25%. At the third step for the decomposition of cumene hydroperoxide to phenol and acetone with sulfuric acid, phenol is produced in a yield over 93%. Accordingly, in this traditional process, the one-pass yield of phenol based on the amount of benzene initially used is less than 5%. 27 . This means that the reaction of oxygen with dissociated hydrogen permeating through the membrane is faster than the recombination between the dissociated hydrogen atoms themselves on the opposite membrane surface. At the same time, this suggests that under our reaction conditions, the rate-limiting step for the conversion of benzene to phenol is the reaction between oxygen and hydrogen rather than the hydrogen permeation, and direct mixing of oxygen and hydrogen in gas phase is very limited (oxygen and hydrogen are well separated except on the membrane interface where both meet). 28. The ratios of water to phenol were changed with the palladium membranes used, because it is impossible to prepare exactly the same membranes. Generally speaking, the ratios were lower with the membranes that showed higher performance for the phenol formation. 29. The deterioration was mainly due to peeling off of the palladium thin layer from the ␣-alumina tube. This peeling off could be suppressed by coating the thin layer with a certain polymer. We report 230 Th-238 U disequilibrium data on mid-ocean ridge basalts recovered 5 to 40 kilometers off the ridge axis near 9°30ЈN of the East Pacific Rise. These data indicate near-symmetrical eruptions of normal mid-ocean ridge basalts (NMORBs) and incompatible element-enriched mid-ocean ridge basalts (EMORBs) as far as 20 kilometers off axis. Our results suggest large-scale subsurface lateral transport of NMORB melt at 19 to 21 centimeters per year and also provide constraints on the petrogenesis of EMORBs of off-axis origin.
Lavas that erupt on the seafloor away from the axis of mid-ocean ridges (MORs) contain information about melting, melt movement, and crustal accretion processes associated with MOR spreading centers (1-3). For offaxis basalts to be used to develop a better understanding of the process of melt movement, they must be demonstrably distinguished from those originally erupted at the ridge axis.
230 Th-238 U disequilibrium can provide temporal information crucial to identifying basalts of off-axis origin and has been used to study basalts as far as 4 km away from the ridge axis (4). To span a scale of melt movement beneath MORs that may be greater than 4 km, and to avoid large axial eruptions that send lava flows as far as 3.5 km away from the axis (5), we measured the 230 Th- 238 U disequilibrium of basalts from 5 to 40 km off-axis.
Our samples were collected during the Phoenix-02 cruise (research vessel Melville) by dredging out to 40 to 50 km from the East Pacific Rise (EPR) on both the Cocos and Pacific plates near 9°30ЈN. In the vicinity of 9°30ЈN, the EPR spreads almost symmetrically at 11.1 cm year Ϫ1 (6) . Therefore, basalt sampled at distances of 40 to 50 km from the ridge axis corresponds to a spreading age of about 800 thousand years ago (ka). Samples were analyzed by secondary ion mass spectrometry for Th isotopes and thermal ionization mass spectrometry for U and Pb isotopes (7 (Fig. 1A) , which are consistent with the symmetric patterns of K/Ti (Fig. 1B) and MgO (12) variations about the axis (13 (14) ] to 1.036 (sample PH6-2). This decrease can be explained by the aging of the seafloor away from the spreading axis (Fig. 1) (Fig. 2) . Assuming that PH33-3 was initially erupted at the axis and then moved to its present position by seafloor spreading, and using a half-spreading rate of 5.5 cm year Ϫ1 (6), the age predicted from its location would be about 350 ka (about five half-lives of 230 (17) (18) (19) (20) from the upper mantle. The two EMORB samples (PH10-2 and PH34-1) that have ( 230 Th/ 238 U) ratios of less than 1.0 are even farther away from the spreading ridge and should not have any detectable U-Th disequilibrium if they were originally erupted at the axis. Therefore, they were also produced by off-axis volcanism. Because their ( 230 Th/ 238 U) ratios are as far from secular equilibrium as those measured from samples from the mid-Atlantic ridge at 29°to 30°N (15), we infer that they erupted close to their present locations. Unlike samples PH8-1 and PH33-3, with ( 230 Th/ 238 U) ratios greater than 1.0, samples PH10-2 and PH34-1, with ( 230 Th/ 238 U) ratios less than 1.0, were principally produced by melting in a source with D Th Ͼ D U . One candidate source is a calcium-clinopyroxene-rich spinel peridotite from the upper mantle (21) (22) (23) (24) . Samples PH35-1 and PH36-7 on the Pacific plate also have ( 230 Th/ 238 U) ratios less than 1.0, but their ( 230 Th/ 238 U) ratios are somewhat closer to secular equilibrium than is that of PH34-1, which is consistent with the fact that they are farther away from the spreading axis. As for samples PH14-1, PH18-2, and PH37-1, which are also well off axis, their ( 230 Th/ 238 U) ratios are close to 1.0. Their close approach to secular equilibrium indicates that they are Ͼ350 ka. Consequently, these three samples were most likely produced at the ridge axis. Samples PH19-4 (at ϩ39.8 km) and PH39-2 (at -31.9 km), farthest away from the ridge axis, were also erupted at the ridge axis, based on 40 Ar-39 Ar ages of Ͼ500 ka for both samples (25) .
Based on estimated initial ( 230 Th/ 232 Th) and ( 231 Pa/ 235 U) ratios in MOR samples collected 4 km from the ridge axis, Goldstein et al. (4) inferred that some volcanism can occur as far as 4 km away from the spreading axis. Our U-Th disequilibrium study of basalts recovered from as far as 40 km away from the axis supports the occurrence of offaxis eruptions and further suggests that some volcanism can occur at more than 20 km off axis. More importantly, our results place constraints on melt movement beneath MORs. Off-axis vents could have erupted either lavas transported laterally from a focused axial magma system or those transported vertically from independent off-axis magma systems. Although symmetric off-axis NMORB magma systems cannot be ruled out, the fact that PH8-1 and PH33-3 have similar trace element compositions (Fig. 2) can be explained by subsurface lateral transport of magma from the same axial system in opposite directions (Fig. 3) . The physics for the large-scale subsurface lateral transport of melt is not clear. A possible mechanism is continued sill propagation under the condition of sufficient magma supply (26) . Based on our model (27) , the lateral velocity of the melt that generated basalts PH8-1 and PH33-3 is calculated to be 19 to 21 cm year Ϫ1 , which is much faster than the half-spreading rate of 5.5 cm year
Ϫ1
. On the other hand, off-axis eruptions of EMORB samples such as PH10-2 and PH34-1 can be explained by independent symmetric off-axis magma systems, because EMORBs with 238 U excesses have not been reported among measured zero-age ridge axis basalts at 9°30ЈN (14) . The enrichments in LREEs and the low ( 230 Th/ 238 U) ratios in PH10-2 and PH34-1 are consistent with a metasomatized spinel peridotite source that contains calcium-clinopyroxene and amphibole. Similarity among the Pb isotopic compositions of these basalts and of other NMORBs suggests that the mantle source was not metasomatized long enough ago to change Pb isotopic compositions. The observed peaks at Nb and Ta in the primitive mantle-normalized spider diagram (28, 29) in these two samples (Fig. 2) suggest that a likely source of the metasomatic fluids is recycled oceanic crust (30 -32 (e.g., PH33-3) and those with low ( 230 Th/ 238 U) Ͻ 1.0 (e.g., PH34-1) suggests spatially restricted magma transport routes to the surface for some off-axis volcanism. In addition, near-symmetrical off-axis eruptions in a broad region are more consistent with passive mantle flow driven by plate motion (1, 2) than with active mantle flow driven by buoyancy in a narrow region (about a few kilometers). The observation of small gullies associated with recent surface runoff on Mars has renewed the question of liquid water stability at the surface of Mars. The gullies could be formed by groundwater seepage from underground aquifers; however, observations of gullies originating from isolated peaks and dune crests question this scenario. We show that these landforms may result from the melting of water ice in the top few meters of the martian subsurface at high obliquity. Our conclusions are based on the analogy between the martian gullies and terrestrial debris flows observed in Greenland and numerical simulations that show that above-freezing temperatures can occur at high obliquities in the near surface of Mars, and that such temperatures are only predicted at latitudes and for slope orientations corresponding to where the gullies have been observed on Mars.
Formation of Recent Martian
The observation of small gullies on Mars was one of the more unexpected discoveries of the Mars Observer Camera (MOC) aboard the Mars Global Surveyor spacecraft (1) . The characteristics of these landforms suggest the local occurrence of a fluid emanating from alcoves located mostly in the upper part of poleward-facing slopes at mid-and high latitudes. Thick accumulations of debris cover the bases of escarpments, whereas the upper parts of the walls have generally steep slopes that are dissected by funnels (Fig. 1A) . Malin and Edgett (1) 
